Numerical modeling of thermal desorption spectra of hydrogen, which is used for identifying the hydrogen state in metals, is reviewed. The previously proposed models are described in the historical perspective by categorizing them according to the rate-determining processes of hydrogen detrapping and diffusion in the thermal desorption spectra. The range of validity of each model is also described.
Introduction
Hydrogen atoms in BCC metals, particularly iron and steel, are located in the lattice sites and defects such as vacancies, dislocations, grain boundaries, and phase interfaces. The interstitial site in the lattice is the diffusion site of hydrogen since hydrogen atoms migrate easily, while defect sites are called trapping sites because hydrogen atoms are generally bound strongly to defects. In BCC metals, a hydrogen atom migrates at diffusion sites and is captured by a trapping site when it comes in contact with one of the defect sites. The energy state around a trapping site is schematically described in Fig. 1 , and the jump frequency of a hydrogen atom out of the trapping site is given by the activation law. Therefore, a chance of detrapping from this site increases when the thermal fluctuation energy exceeds the detrapping activation energy, which is the sum of the binding energy, the diffusion activation energy and the saddle point energy. The thermal desorption spectrometry (TDS) [1] [2] [3] is an effective experimental method to identify a hydrogen trapping state in metals. In the TDS, by measuring the amount of hydrogen released from a specimen that is heated with a constant rate, we obtain the hydrogen evolution rate as a function of specimen temperature, that is, the hydrogen desorption spectra. The trapping state of hydrogen in the specimen is estimated from the desorption profile of hydrogen. The TDS of hydrogen is applied to various metals and alloys such as iron, nickel, carbon steels, and stainless steels [4] [5] [6] [7] to study the hydrogen trapping state and also to inquire into the mechanism of hydrogen embrittlemnet found in the delayed facture of high-strength steels by determining the amount of hydrogen in the specific defects. 8, 9) Profiles of thermal desorption of hydrogen are determined by various factors such as specimen shapes, hydrogen diffusion, and heating rates as well as detrapping activation energy. All three processes of diffusion, trapping, and detrappping are required in the model to estimate the trapping state of hydrogen and to reproduce the entire profile of thermal desorption.
Recently, due to the development of low-temperature thermal desorption experiment 10, 11) in which a specimen can be heated down from the temperature of -200°C, it becomes possible to distinguish desorption peaks of hydrogen located in the comparatively low temperature region of the profile. Such low temperature peaks are attributed to the trapping sites at dislocations and grain boundaries whose binding energies of hydrogen are relatively small compared to other deep trapping sites. In addition, the advancement of computers allows us to evaluate the activation energy of diffusion and the binding energy of hydrogen at trapping sites in iron by the first principles calculations. [12] [13] [14] With adopting these values for the unknown parameters, one can estimate the trapping state of hydrogen by reproducing the entire desorption profile of TDS experiment. 15) This method of coupling with the atomistic simulations becomes an indispensable part of TDS analyses of hydrogen, in particular, for alloys with many unknown parameters to be fixed.
Present models for simulating thermal desorption spectra ISIJ International, Vol. 52 (2012), No. 2 of hydrogen are mostly based on the theoretical formulations which were proposed to explain anomalous behavior of hydrogen diffusion in steels. It is known in those days that the apparent diffusion coefficient of hydrogen in steels widely scatters depending on the hardening process of steel specimens 16) at low temperatures below approximately 400°C. This anomalous behavior results from the trapping of hydrogen at defect sites which increase in specimens with the hardening process. The effect of trapping of hydrogen at defect sites on the diffusion process was firstly suggested by Darken and Smith. 17) Several models were proposed to explain quantitatively this anomalous diffusion of hydrogen. McNabb and Foster 16) proposed the diffusion equation incorporating trapping and detrapping processes of hydrogen, namely capturing and releasing of hydrogen at defect sites. They did not explicitly refer to the energy state of hydrogen at the trapping sites in their formulation. Oriani 18) derived the effective diffusion coefficient which includes the effect of hydrogen trapping at defect sites by using the activation energy of hydrogen diffusion as well as the binding energy. Here, he introduced the local equilibrium postulate of hydrogen between trapping sites and interstitial lattice sites. The effective diffusion coefficient was modified by Koiwa 19) to include the saddle point energy near trapping sites. The hydrogen trapping characteristics were studied in more detail in order to separate defects which affect directly hydrogen diffusion. 20) In modeling thermal desorption profile of hydrogen, it is not always necessary to consider both processes of diffusion at interstitial sites and trapping at defect sites. In the case that the hydrogen diffusion in alloy specimens is much faster than the release of hydrogen from the defect sites and/or that the specimen size is sufficiently small, it is possible to model the hydrogen desorption profile only using the process of releasing hydrogen from defect sites. This case is regarded as the thermal-detrapping-determining desorption. 3) According to the paper, 21 ) the local equilibrium postulate, which was used to derive the effective diffusion coefficient by Oriani, becomes invalid. In the opposite condition of dominant hydrogen diffusion and/or the large specimen size, the hydrogen desorption is the diffusion-determining desorption, 3) and the local equilibrium postulate holds. Thus, in the latter case, the hydrogen desorption profile can be modeled on the basis of the local equilibrium postulate. In addition, the model which can be applied to both types of desorption can be also formulated as the reaction diffusion equation, which is described as the fundamental model of thermal desorption processes. 21) Although the modeling of hydrogen desorption spectra is based on diffusion, trapping and detrapping processes in BCC metals, this model can also be applied to FCC metals in which diffusion sites and trapping sites differ from those in BCC metals.
In this review, we introduce present numerical models of TDS and categorize them into three groups according to the type of hydrogen desorption processes.
Model for Thermal-detrapping-determining Desorption of Hydrogen
The formula for the thermal-detrapping-determining desorption of hydrogen by Choo and Lee 22) is described as the activation process with the detrapping energy of Ea.
,....... (1) where R is the gas constant, T is the absolute temperature, and Co and C are the amount of hydrogen in the trapping site at t = 0 and t > 0, respectively. An arbitrary constant A is related to the rate constant of the detrapping process. This model is used to determine the detrapping activation energy of the defect site corresponding to the desorption peak of hydrogen. The following equation is derived by using the condition that the derivative of Eq. (1) 22, 23) calculated Eb of the grainboundary, the dislocation and the micro-void in iron by applying this formula to the desorption peak corresponding to each defect. Lee and Lee 24) evaluated Eb of the grainboundary and the dislocation of nickel. The formula of Eq. (2) is widely utilized for estimating the binding energy of defects not only in pure metals but also in steels. 6, 8, 25, 26) The other recent model in this category is proposed on the basis of the Kissinger's formula to reproduce the hydrogen desorption profile. 26, 27) The model is obtained by reducing the original Kissinger's formula, 28) and has the same form with Eq. (1). The range of validity of this model is discussed 27) by comparing the desorption profile with that predicted by the McNabb and Foster model. By considering the A constant in Eq. (1) as the fitting parameter which relates to the diffusion coefficient, the model based on the Kissinger's formula can reproduce the desorption profile with a single peak. It is also reported that, by regarding the A constant as a fitting parameter, the model can be applied to the desorption profile in the case that the effect of hydrogen diffusion cannot be ignored. In the paper, 26) the model is also applied to reproduce the hydrogen desorption profile of nickel as shown in Fig. 2 . The authors 27) commented that the simulation conditions of a small specimen, a slow heating rate, and long time exposure to environment are desirable when this method is extended to the diffusioncontrolled region. The advantage of this model is to simulate the desorption profile by fitting only two parameters of A and Ea although the physical meaning of the parameter A needs to be studied in more detail.
Model for Diffusion-determining Desorption of Hydrogen
In the diffusion-determining desorption of hydrogen, since the diffusion process of hydrogen is slower than the detrapping process, the amount of hydrogen at diffusion sites around trapping sites cannot decrease rapidly, and so the local hydrogen equilibrium is held between diffusion (4) where K is the ratio of the trapping site density to the diffusion site density and D0 is the pre-exponential factor of the diffusion coefficient which is not affected by the trapping effect. The amount of hydrogen is represented by C. The effective diffusion coefficient is described by . Yamaguchi and Nagumo 29) comprehensively study the model by applying it to the desorption profile of the steel specimen. By selecting appropriate values of K and Eb, the model reproduces the desorption profile as shown in Fig. 3 . Before their study, the model is used for analyzing the hydrogen detrapping characteristics of dislocations and grain-boundaries of iron. 30) This model is limited only for the simulation of the desorption profile with a single peak with the adoption of the effective diffusion coefficient including the trapping effect. Despite this, the model is simple and useful because only two fitting parameters, K and Eb are required to reproduce the desorption profile.
The other model in this category is proposed by Ebihara et al. 31, 32) The procedure of simulating the desorption profile is described in Fig. 4 . In this model, the hydrogen local equilibrium postulate is numerically imposed at each step in the temperature raising process [(Step 2) in Fig. 4 ]. Therefore, the model can be applied to the simulation of the desorption profile with more than one peak. In the paper, 31 ) the hydrogen desorption profile of eutectoid steels, which has two peaks of trapping sites corresponding to the dislocation in the ferrite phase and the interface between the ferrite phase and the cementite phase 4, 33) is reproduced by the model as shown in Fig. 5 . The model is useful for separating a specific peak from the profile of the diffusion-determining hydrogen desorption. However, the pre-exponential factors for the rate constant of the trapping and detrapping processes need to be determined, which is described in detail in the next section, in order to impose numerically the local hydrogen equilibrium postulate.
Fundamental Model for Thermal Desorption of Hydrogen
Reproduction of the total thermal desorption spectra of hydrogen regardless of the rate-determining process is accomplished by the fundamental model. 21) This model is based on the mass conservation of hydrogen in the specimen with the activation energy law for the diffusion, trapping and detrapping processes, 16) and is desribed as follows: The model based on the Kissinger's formula is used to reproduce the spectra by fitting two parameters of A and Ea (which is Ed in the inset). 26) The figure shows the sensitivity of the spectra to the specimen width. The model with the effective diffusion constant is used for numerical simulation with two parameters of Eb = 17 kJ/mol and K = 8.5×10
2 . The figure shows the sensitivity of the spectra to the heating rate. (9) where Ni is the density of the trapping site i and θ i is the occupation ratio, which is the ratio of the amount of hydrogen at the trapping site to the density of the trapping site and takes the value from 0.0 to 1.0. The binding and saddle point energies of the trapping site i are represented by Ebi and , respectively. The rate constants of the trapping and detrapping processes are ki and pi, respectively, and k0 and p0 are the pre-exponential factor of each rate constant. The model is originally used by Wilson and Baskes 34) to reproduce the deuterium desorption profile from the 314 stainless steel. The sensitivity of parameters in this extended model is studied in detail by Turnbull et al. 35) As shown in Fig. 6 , the model is applied to the reproduction of the desorption profile of the SCM435 steel by Enomoto et al. 36) The advantage of the model is that it is possible to simulate the desorption profile with more than one peak as shown in Fig. 7 .
However the parameters of k0, p0 and E′ are required to be determined in this model. Here, E′ is often neglected and its effect is included into other energies. 21, 35, 36) In the case that the binding energy, the diffusion activation energy, and the trapping site density are determined by experiment and/or computation, p 0 and k 0 are used as fitting parameters, with the imposition of the relation p 0 /k 0 ~ O(N I ) where N I is the concentration of the diffusion site, to reproduce the desorp- Fig. 5 . Thermal desorption spectra of hydrogen for eutectoid steels derived using the model with the numerically imposed postulate of local hydrogen equilibrium: 31, 32) The figure shows the sensitivity of the profile to the prefactor D0 of the diffusion constant, where the profile indicated by "no diffusion" corresponds to experiment. The trapping sites of vacancies, dislocations, and phase interfaces are all included in this simulation. 36) The figure shows the sensitivity of the spectra to the heating rate. © 2012 ISIJ tion profile of hydrogen 21, 35) as shown in Fig. 8 . On the other hand, when the binding energy or the density of the trapping site are estimated from the desorption profile, p0 and k0 have to be determined before simulations. Thus, in the paper, 37) p0 and k0 are estimated experimentally by using hydrogen desorption of the steel specimen which is held at a constant temperature. Since parameters p0 and k0 are crucially important in the application of this model, more research should be performed to determine accurate values theoretically and experimentally.
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Application of Numerical Models to Thermal Desorption Spectra
Here, we point out the technical details for applying the introduced models to the hydrogen thermal desorption spectra. In using these models, it is necessary to identify the ratedetermining process of the hydrogen desorption of the corresponding specimen. One factor for deciding the ratedetermining process is the sensitivity of the desorption profile to the specimen size. In the paper, 21) it is shown numerically that the desorption profile becomes independent of the specimen size as the specimen size decreases. This fact is also confirmed experimentally. Thus it can be judged that the thermal-detrapping-determining desorption prevails when the dependence of the specimen size is small, and vice versa.
In the numerical simulation using the diffusion-determining desorption model and the fundamental model, the hydrogen evolution rate dC/dt is evaluated using hydrogen concentrations C(x, t) which are calculated by the diffusion equation at two temperatures of T1 and T2. Thus, strictly speaking, it is necessary to consider the change of the diffusion coefficient D according to the temperature change from T1 to T2 in order to evaluate dC/dt. Since D increases as temperature increases, the maximum influence of the temperature dependence of D can be estimated by comparing C(x, t + dt; T2, D(T1)) and C(x, t + dt; T2, D(T2)) where the former is calculated from C(x, t) with the diffusion coefficient at T1, D(T1) and the latter is calculated with D(T2). Using the ordinary difference method, we obtain (10) where F represents the portion including the spatial difference terms, and T2 = T1 +(dT/dt)dt. In the numerical simulation, dt is varied in such a way to satisfy the relation Ddt/dx 2 < 1/2. In the last line of Eq. (10) -3 in the temperature range from 73 K to 673 K. In the case without the trapping effect, it takes from 10 -1 to 10 -3 . Here the parameters in the paper 29) were used. Therefore, in the latter case, the influence of the temperature dependence of D on the hydrogen evolution rate dC/dt is up to about 1% maximum. However, in the former case, it becomes up to about 10%. According to this estimation, when the thermal desorption spectra, in which the desorption peak is observed in the lower temperature side, are simulated using the model with the effective diffusion coefficient in the paper, 29 ) the influence of the temperature dependence of D should be taken into consideration.
Summary
We reviewed the numerical models for simulating the hydrogen desorption spectra by categorizing them according to the rate-determining processes for trapping, detrapping, and diffusion of hydrogen. The model based on the Kissinger's formula and the model with the effective diffusion coefficient are straightforward for the analysis because only two fitting parameters are required to simulate the desorption profile. However, the application of these models is limited to the desorption profile with only one peak. The fundamental model of thermal desorption of hydrogen can be applied to multi-peak desorption profiles, however, two prefactors for the trapping and detrapping activation processes are to be determined. With all the models on thermal desorption spectra in perspective, a proper model could be tailored to the boundary conditions of specimens in TDS analyses.
